Study aim: discussion of applications of H-reflex in kinesiology. Material and methods: used keywords H-reflex, Hoffmann reflex, kinesiology, EMG, biomechanics, orthopaedics, rehabilitation, and sports medicine to search EBSCO database. Used subsequent results to analyse clinical trials and to review articles. Results: in many studies, authors describe the role of examining H-reflex in biomechanics, orthopaedics, rehabilitation, and sports medicine. Conclusions: the H-reflex seems to be useful for examining progress in orthopaedic and physiotherapy treatment, as well as for analysing aspects of biomechanics. However, it seems that the H-reflex has limitations as a tool for examining training progress in strength athletes, and is not the most efficient in endurance athletes.
Introduction
The Hoffmann reflex. The H-reflex was described by Paul Hoffman in 1910. Some sources report the name of Johann Hoffmann, but that refers to another reflex. The H-reflex is an electrically stimulated reflex that is revealed in EMGs (electromyograms) and that is considered a significant measurement method for estimating modulation of monosynaptic reflex activity in the spinal cord. The pathway of the H-reflex is composed of group Ia sensory fibres which form a synapse with α-motoneurons and their axons. It is worth noting that this mechanism is analogous to the mechanically induced spinal stretch reflex. The pathway is the same, but the main difference between the H-reflex and the spinal stretch reflex is that the H-reflex bypasses the muscle spindle with a shorter duration synchronized pulse [53, 61] . Spinal stretch reflex is induced after a muscle stretch, while the Hoffmann reflex is the effect of an electric impulse [53, 68] .
While eliciting the H-reflex, two kinds of responses can be obtained in EMGs: the H-reflex and the M-wave. Low-intensity electric stimulus causes afferent fibres (Ia sensory) and efferent fibres in aMNs (α-motoneurons) to activate due to the fact that the action potentials travel to the spinal cord, resulting in the H-reflex. Gradually increasing, the stimuli travel directly toward the muscle and are recorded as the M-wave (muscle response).
Eliciting H-reflex and pathway of H-reflex. As noted previously, the H-reflex pathway and spinal stretch reflex are the same. However, in contrast to the spinal stretch reflex, which is induced after a muscle stretch, the H-reflex is elicited by electric stimulus.
Electric impulse stimulates Ia sensory fibres to produce action potentials which travel along afferent fibres through the spinal cord, until they reach a synapse in α-motoneurons (afferent part of the H-reflex). Subsequent action potentials, generated by the aMNs, travel along efferent fibres until they reach the neuromuscular junction and produce a response in EMG (efferent part of the H-reflex) [53] . Therefore, the volley of efferent action potentials is registered in the muscle as the H-reflex. Additionally, electric stimulation causes bypassing of the muscle spindle.
A high priority issue in eliciting the H-reflex is intensity of stimulus. When a short-duration, low-intensity percutaneous electric impulse is transmitted to a mixed nerve, action potentials are selectively elicited in sensory Ia fibres due to their large axon diameter [53] . If the activation of Ia sensory fibres causes depolarization of the presynaptic terminal, neurotransmitters such as acetylocholine [53] and serotonin [9] are discharged into the synaptic cleft at the Ia sensory fibre and aMN synapse. As a result, action potentials are generated and cause muscle contraction. We can thus observe the occurrence of the H-reflex on the EMG. The size strength of the H-reflex depends of three factors: the exactness of stimulus delivery, excitability of the entire H-reflex arch, and precision of the recording [6] .
Some studies [8, 18] take limb length into consideration. We can observe varying latency depending on the length of nerve. For example, the vastus medialis H-reflex can be visible 15 milliseconds after stimulation, while the soleus H-reflex occurs after 30 milliseconds [53] .
Eliciting M-wave and pathway of M-wave. An M-wave is a response of the α-motoneurons to direct stimulation of the nerve [9] which occurs when the intensity of the stimulus increases and action potentials travel directly toward the muscle. A higher-intensity impulse is required to activate these fibres, as opposed to the H-reflex [53] . The action potentials are generated and reach the neuromuscular junction, causing muscle contraction.
Additionally, the H-reflex and M-wave do not involve the same α -motoneurons. Electrical stimulation that elicits the H-reflex activates small motoneurons (innervating slow motor units), while the M-wave occurs in larger axons (innervating fast motor units) [36] . Interestingly, while H-reflex decreases, M-wave increases because of antidromic collision [1] . Moreover, maximal stimulus intensities cause maximal M-wave occurrence and absence of the H-reflex [36] (see Figure 1 ). Some reports show [62] that when a maximal M-wave occurs, the whole motoneuron pool is activated (slow motor units and fast motor units as well).
Furthermore, the M-wave appears on the EMG much earlier than the H-reflex. This is caused by the fact that action potentials travel a shorter path in order to elicit a response in the muscle. A good example of this difference is the soleus: the H-reflex occurs after 30 milliseconds, whereas the M-wave appears after 9 milliseconds [53] .
Crucial factors in examining the H-reflex. A weakening of an H-reflex amplitude could be observed in the standing position when compared to the prone position [37] . Aagard et al. [1] claim that the H-reflex is positiondependent. Angulo-Kinzler et al. [4] showed a correlation between postural modulation and the H-reflex. Increased weakening of the H-reflex amplitude occurred when participants stood without back support, compared with sitting or standing without support [22] .
Hultborn et al. [31] describe the presynaptic inhibition mechanism. Enhanced presynaptic inhibition on Ia fibres to the relaxed motoneurons cause their state to remain constant. The decreasing control of presynaptic inhibition selectively 'opening' Ia transmission to voluntarily activated motoneurons, and 'closing' transmission to motoneurons of relaxed muscles, increases motor contrast and causes selective activation in isolated movements [31] .
Modulation of the H-reflex amplitude accompanied by a conditioning stimulus is most often employed to assess post-synaptic events or changes in the amount of the presynaptic inhibition acting on Ia afferent terminals [36] . The mechanism that lies behind this is the fact that the motor neuron excitability and the ongoing presynaptic inhibition of Ia fibres that mediate the test afferent volley influence the amplitude of the test reflex [36] . Due to the aforementioned facts, the H-reflex can be used as a probe to study spinal neuronal pathways and mechanisms at rest and during movement in humans [36] .
The most frequently used method is the modulation of the H-reflex by vibratory or electrical inputs. It is noteworthy that these stimuli can produce postsynaptic as well as presynaptic changes; thus, using very short periods of stimulation and measuring changes in latency where presynaptic changes predominate is advised. In addition, the stimuli should be superimposed upon a steady background of EMG activity (if possible, in a single motor unit) to maintain a constant level of the postsynaptic state [58] .
Numerous factors can cause presynaptic inhibition, which constitutes an inhibitory mechanism correlated with changes in monosynaptic reflexes under different conditions. Changes in the levels of presynaptic inhibition's influence on Ia afferent terminals have been associated with soleus H-reflex modulation during ipsilateral and bilateral passive leg movements [7, 35] .
Moreover, some have claimed that presynaptic inhibition is one of the factors of modulations observed in soleus H-reflex amplitude on equivalent EMG levels during walking, standing, and running [11, 49] . These facts are in line with the suggestion that, independent of the excitation level of α-motoneurons, presynaptic inhibition is capable of changing the reflex amplitude during a motor task [36] .
Usefulness of the H-reflex in kinesiology. Kinesiology, also known as human kinetics, is a branch of science engaged in examining human movement. The exploration of areas such as biomechanics and orthopaedics, strength and conditioning, methods of rehabilitation, and sport and exercise helps to better understand human kinetics. EMG as a tool is very useful in examining the response of the peripheral nervous system (PNS) in the areas listed above. This measurement can be used in many neurophysiological examinations to estimate parameters that cannot be measured directly [6] .
In our article we would like to concentrate on the mechanism of the H-reflex and its applications in kinesiology.
F-wave, V-wave. V-wave could be confused with recurrent F-wave responses. In the state of rest, F-waves may sometimes appear during supramaximal nerve stimulation, probably due to a minor recurrent efferent neurons reaction produced by a volley of incoming antidromic action potentials [47] . On the other hand, the appearance and latency of the F-wave differ distinctly [47] . Fisher et al. [19] maintained that F-wave latency is at least 1-2 ms longer than H-reflex latency. The V-wave response is coherent with latency identical to the H-reflex [30] . Additionally, V-wave amplitude is higher than F-wave amplitude in the human soleus muscle and most often varies by a factor 10 or more [30] .
Biomechanics and physiotherapy

Biomechanics
There are numerous applications of the H-reflex in biomechanics. Research revealing details correlated with the kinematics of pedalling was conducted by Misiaszek et al. [13, 48] .
Others [21] have examined the influence of two training regimes (ballistic strength training and balance/sensorimotor training) on changes in the H-reflex. Both training groups reduced the H-reflex after several months of training [21] . [66] . Recruitment curves of abductor policis brevis. Stimulus intensity differs significantly from Figure 1 . As was mentioned in "Eliciting and pathway of M-wave" paragraph, stimulus intensity depends on type of muscle that is examined. Therefore, we cannot compare these two figures precisely. However, some general facts about the V-wave and the F-wave are revealed; a more intense stimulus is required to elicit them Some research has focused on jumping training [3] . The training regime did not infl uence the soleus H-refl ex in either of them. Others [58] examined the correlation between balance control and neuromuscular function.
Birgit Larsen et al. [44] examined signals from the quadriceps during gait cycle, not excluding the last part of the swing phase and at heel contact. They demonstrated that the H-refl ex changed during the cycle and promptly after heel contact. Researchers made several observations of modulation of soleus the H-refl ex during walking [10, 62, 63] . Capaday et al. [10] maintained that there is a stronger H-refl ex while walking than during slow running. Simonsen and Dyhre-Poulsen [62] and Simonsen, E. B [63] claimed the opposite. It is noteworthy that Kyröläinen et al. [42] advise that examination of MVC must not be used as an index of the highest potential activity of muscles.
Physiotherapy
Grindstaff et al. [20] researched changes in the H-refl ex in patients with ankle instability. Manella et al. [46] observed reduced excitability of the soleus H-refl ex pathway correlated with better walking ability as a result of locomotor training.
Cryotherapy in physiotherapy and orthopaedics treatment
The main application of examining the H-refl ex in the fi eld of rehabilitation is in physical therapy, especially in cryotherapy. Cryotherapy is a partial or total application of low temperatures in medical therapy. Its purpose is to reduce cell growth and reproduction (cellular metabolism), enhance cell survival, reduce infl ammation, reduce pain and spasms, support the constriction of blood vessels (vasoconstriction), and when using extreme temperatures, to destroy cells by crystallizing the cytosol. In cryotherapy, low temperature gases as well bags of ice cubes are applied. Applying an ice bag to a normal joint enhances the amplitude of the H-refl ex. Moreover, applying an ice bag to a knee joint with an effusion can decrease the levels of quadriceps inhibition revealed in modifi cations to the H-refl ex [53] . Clinically, applying ice after an ankle sprain appears to signifi cantly correct patients' ability to function. Krause and others have examined the infl uence of temperature on the amplitude of the H-refl ex. The conclusion is that applying an ice pack to an uninjured knee causes the H-reflex amplitude to increase [38, 39, 40] . These data refer to the quadriceps muscle. Furthermore, applying an ice bag to an injured joint reduces pain.
Orthopaedics
The H-reflex may be used in various medicine disciplines, such as neurology, orthopaedics and rehabilitation. In the neurological aspect, abnormalities in H-reflex amplitude may be indications of spinal stenosis, radiculopathies or plexopathies [53] . Proper understanding of the physiology of eliciting the H-reflex and M-wave may also be useful in the diagnosis and therapy of sports injuries, thus making the healing process quicker and more effective. Our knowledge about the H-reflex should be more complex because it may also lead to the development of orthopaedics and rehabilitation. In clinical research, the amplitude of H-reflex is evaluated according to gastrocnemius-soleus complex, quadriceps muscle, intrinsic muscles of the foot or hand, flexor carpi radialis muscle, peroneal muscle, tibialis anterior muscle, and others.
In orthopaedics, there are few factors that may affect the strength value of the H-reflex amplitude such as joint effusion, cryotherapy (see more in the "cryotherapy in physiotherapy and orthopaedics treatment" paragraph), and wearing a brace.
Joint effusion. Many researchers have used the H-reflex to evaluate joint muscles reaction to injuries complicated by joint effusion. H-reflex amplitude was measured after joint effusion in an injured limb and compared to the contralateral (healthy) limb [53, 54] . It has been proven that the quadriceps muscle reacts with decreased H-reflex amplitude after knee effusion [24, 25, 26, 65] , while the soleus muscle reacts conversely by increasing the H-reflex amplitude after knee effusion [53] . In the case of an ankle joint effusion, soleus, peroneal and tibialis anterior muscles react with increased H-reflex amplitude [55, 56] . H-reflex amplitude modification emerges from different MNs recruitment; thus, different numbers of motor units are activated before and after joint effusion. The greater the H-reflex amplitude, the more MNs are recruited; thus, more motor units are activated. Lower H-reflex amplitude means that fewer MNs are recruited. However, the mechanism for recruiting these MNs is currently unknown and requires further research [53] . It is possible that the increase of H-reflex amplitude after ankle joint effusion in muscles around the ankle joint and simultaneous low levels of co-contraction are natural reactions which serve to immobilize the sprained ankle, prevent further damage to ligaments and other joint structures, and minimize pain [27] .
Wearing a brace. In their research, Nishikawa and Grabiner compared H-reflex amplitude before and after wearing an ankle brace on an uninjured ankle. The authors concluded that wearing the ankle brace caused H-reflex amplitude to increase. Stimulating cutaneous mechanoreceptors around the ankle enhanced the excitation of the peroneal muscle [52] .
Sport: strength, conditioning and exercise
In sport training, the role of neural development of the central nervous system (CNS) and the peripheral nervous system (PNS) is crucial for improved results in an athlete. One method for examining changes in PNS is electromyography (EMG). For example, Kyröläinen H. et al. [43] conducted broad studies that examined changes in PNS due to explosive training. When describing changes in the EMG activity of athletes, most researchers mostly focus on the F-wave, M-wave, H-reflex and maximal voluntary contraction (MVC). Measurement of the H-reflex of two muscles could be examined by researchers most efficiently; in soleus muscle it is highly effective because the large-diameter Ia afferents and small-diameter motoneuron axons are distinctly sizevaried [61] . On the other hand, the detachment of efferent and afferent neurons in trapezius provides a chance to examine activity of C3/C4 cervical nerve without impacting direct activation of the motor axons as a result of a signal [2] .
Influence of aging and sports type on EMG results. Thomas et al. [67] examined the H-reflex in the ulnar nerve of infants. Piirainen et al. [59] considered differences between young groups and elderly groups' EMG activity during drop jumps. Koceja et al. [37] researched the H-reflex in soleus in young groups and elderly groups during two static positions: standing and prone.
The type (endurance/aerobic or resistance/anaerobic) of sport is significant for EMG results. When examining during rest, the soleus H-reflex amplitude (calculated as Hmax/Mmax) was larger in aerobic athletes than in anaerobic athletes [12] . It can be considered a result of the athletes' variance in muscle fibre composition. The reason behind this is that, at low stimulation intensity, the excitatory postsynaptic potentials caused by the Ia afferent volley cause a comparatively stronger excitatory influence on the smallest spinal efferent neurons that innervate the population of slow-twitch type I muscle fibres [29] . It is worth noting that Carolina Vila-Chã et al. [70] maintain that three weeks of training (strength as well as endurance) was presumably not enough to cause changes in muscle fibre composition. After three weeks, subjects from both training-type groups were performing low-level tonic contraction of the plantar flexors (10% MVC) while the M-wave and H-reflex of the soleus muscle were examined. Surprisingly, after three weeks of endurance training, the excitability in the H-reflex pathway increased, yet the V-wave amplitude remained the same. In contrast, three weeks of resistance training caused an enhancement of V-wave amplitude, while little changes were noticed in the H-reflex.
Moreover, Holtermann et al. [23] observed enhanced H-reflex amplitude in the first three weeks of strength training. The increase in efferent neurons output elicited by resistance training may comprise both supraspinal and spinal adaptation mechanisms (enhanced central motor drive, raised motoneuron excitability, and decreased presynaptic inhibition) [1] . Aagard et al. [1] claim that the evoked V-wave and H-reflex responses were observed to rise during maximal muscle contraction after intense heavyweight strength training, showing a notable increase in motoneurons output at maximal voluntary muscle contraction (MVC). It is noteworthy that, in contrast to the changes noticed during maximal muscle contraction, the H-reflex response induced at rest (Hmax/Mmax) was not altered by training [1] . Previously cited researchers [70] claim that the increase in time-to-task-failure of the examined muscle was correlated with increased H-reflex excitability, whereas the rise in MVC was correlated with increased V-wave amplitude. In light of these findings, it can be assumed that parts of the H-reflex pathway take part in chronic changes caused by an endurance training, resulting in increased resistance to fatigue. In contrast, following the strength training, it is more possible that enhanced descending neural drive during MVC and/or changes in sensory neurons (excluding the role of Ia afferents) cause increased efferent neurons excitability and MVC of the examined muscle. These results lead to the conclusion that examining changes in MVC would be a more adequate tool to correlate with progress in the resistance training of an athlete.
EMG, DOMS, and feeling of pain. As previously mentioned [41] , pain sensation resulting from DOMS (delayed onset muscle soreness) may be caused by changes in PNS induced by resistance training. In line with this, Crenshaw et al. [16] conducted broad studies about the after-effects of intensive training in muscles. A total of 3,698 biopsies of ultramarathoners were conducted a day after a 160 km run. Inflammatory states were observed only in 1% of the participants. In research conducted by Steffen Vangsgaard et al. [69] , there is a statement that 24 hours after intense resistance training, any axonal or fatigue-related changes should have recovered, taking into account the role for DOMS in the continued shift of the H-reflex recruitment curve. The pressure pain threshold examined on the middle trapezius was noticeably lower 24 hours after resistance training, and pain was reported in the occurring of DOMS during daily life activities in line with other studies [34, 51] . Immediate inflammation due to the initial injury may also sensitize the afferent neurons and reduce their resistance threshold to mechanical stimuli [64] . Additionally, some reports show that DOMS is correlated with an enhancement in interstitial inflammatory mediators that will fire group III and IV afferents [15] . The onset of muscle swelling is usually delayed 2-4 days [14] , thus muscle swelling during DOMS was unconvincingly explained by changes in H-reflex, which last less. Moreover, in spite of the fact that presynaptic inhibition of Ia afferents by the firing of group III and IV afferents could therefore occur during DOMS. Research [69] did not find a direct association between participants' pain scores and H-reflex depression. However, Jones et al. [32] suggest that enhanced sensitivity of afferent neurons could be the reason for pain sensation when muscles are stretched or pressed during DOMS. Taking into account that H-reflex is not correlated with pain sensation during DOMS, it could be assumed that changes in the signals of afferents other than Ia are responsible.
H-reflex, decreased range of motion (ROM). Avela J. et al. [5] examined triceps surae muscle reflex sensitivity after prolonged and repeated passive stretching. The maximal H-reflex, which was not measured during the one-hour stretch, decreased by 46.1 ± 38.3% immediately after the stretching. It was not correlated with the maximal M-wave reduction. These results suggest that muscle fibre excitation stayed unchanged, as did impulse conduction in the muscle fibres.
Some researchers [50, 60] report an influence of muscle stretching on H-reflex depression. It can be caused by heterosynaptic presynaptic inhibition and homosynaptic post-activation depression [60] . In particular, these two phenomena could be the reason for reduced H-reflex volatility and a general reduction in the slope, or gain of the H-reflex. These two changes in signal would result in the reduction of responsiveness and effectiveness of an Ia afferent pathway [60] . These findings are especially interesting while comparing them with the fact of reduced range of motion (ROM) during DOMS [17, 28] . When the range of motion of a joint is examined, stretch reflex -a reflex contraction of a muscle in response to stretching, which stimulates muscle proprioceptors -can occur. It could be supposed that the reduced effectiveness of Ia pathway after the training would result in exactly the opposite, that is, by increased ROM, because of less effective stretch reflex. However, Howell et al. [28] is not concerned that reduced ROM might be due to changes in PNS activity after DOMS induced by training. A better understanding of the stretch reflex mechanism would be helpful in explaining the reason for reduced ROM.
Conclusions
Research seems to show that H-reflex changes are strictly related with pain sensation (DOMS), as explained in the previous paragraph. The role of CNS in pain sensations seems to be underrated in the cited articles. Changes in Ia afferent nerves, even though they last no longer than 24 hours, could influence the brain neurons' activity, which can continue even when H-reflex amplitude returns to its original state.
EEG (Electroencephalography) and EMG have their advantages and disadvantages in examining brain state. Examining the activity of a single neuron in CNS by EEG resulted in many useful findings. Similarly, a bright future could be expected in the case of microneurography in examining PNS. This method allows for the examination of a single neuron's activity in perfect resolution. Analysing the acquired signal should be more effective, as it is artefact-free.
In our opinion, kinesiology development may be very helpful in the diagnostics and treatment of musculoskeletal injuries. That is why further research and extending our knowledge about this domain is important.
The H-reflex seems to be useful in examining progress in orthopaedic and physiotherapy treatment and in analysing aspects of biomechanics. However, it seems that the H-reflex is an inadequate tool in sports medicine for the examination of training progress in strength athletes, and not the most efficient in endurance athletes.
Last but not least, we believe that examining the correlation between changes in PNS after DOMS induced by training and reduced range of motion seems to have been insufficiently investigated thus far.
